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Atmospheric pressure chemical ionization liquid chromatography–tandem mass spectrometry
(APCI LC-MS/MS) of tetraether lipid cores of archaeal origin reveals distinct dissociation
pathways for three classes of core lipid extracted fromMethanobacter thermautotrophicus. Within
these classes, two isobaric tetraether lipids, one a scarcely reported lipid constituent of M.
thermautotrophicus and the other an artefact formed during extraction from cultured cells, were
identified and distinguished via their MS2 spectra. APCI LC-MS/MS discriminates different
tetraether core lipid types and isobaric species and reveals the mass of the constituent
biphytanyl chains within the tetraether cores, albeit without full elucidation of their structures.
Furthermore, the method allows direct estimation of the relative proportions of tetraether core
lipids from chromatographic peak area measurement, allowing rapid profiling of these
compounds in microbiological and environmental extracts. (J Am Soc Mass Spectrom 2009,
20, 51–59) © 2009 American Society for Mass SpectrometryArchaea represent one of the three domains oflife, phylogenetically distinct from the eu-karyota and eubacteria [1]. They were originally
thought to comprise exclusively extremophiles, with
each of the three phyla of archaea known at the time
(euryarchaeota, crenarchaeota, and korarchaeota) found to
thrive in distinct ecological niches such as hot springs,
mud volcanoes, and hypersaline lakes. Members of a
fourth distinct phylum, the nanoarchaea, have similarly
been identified in extreme habitats [2]. By contrast,
mesophilic representatives of the crenarchaeota have
recently been discovered and shown to be major con-
tributors to the pelagic biomass (up to 20%) in the
world’s oceans [3]. Thus far, all identified members of
the archaea have been found to contain glycerol di-
phytanyl diether and/or glycerol dibiphytanyl glycerol
tetraether (GDGT) lipids in their cellular membranes
[4]. The membrane lipids occur either as naked core
lipids, or with phospho- and/or glyco-head groups that
are introduced during biosynthesis [5]. The two satu-
rated C40-biphytanyl hydrocarbon chains of the GDGT
lipid cores are tethered at both ends to glycerol moieties
via ether linkages, with sn-2,3 stereochemistry exhibited
by each glycerol [6]. The unique structural features of
GDGT lipids allow them to be used as specific markers
for the archaea, distinguishing this group from eukary-
otic and eubacterial lipids, in which sn-1,2 glycerol
stereochemistry and ester linkages to unsaturated hy-
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doi:10.1016/j.jasms.2008.09.015drocarbon chains are typical. As an example, caldar-
chaeol (Ia, Figure 1) is structurally the simplest GDGT
core lipid and is ubiquitous throughout the archaeal
domain. A regioisomer of caldarchaeol, isocaldarchaeol
(Ib, Figure 1), has also been identified in three species of
archaea, occurring in near equimolar abundance to
Ia [7].
Further structural variation among GDGT lipids
occurs via incorporation of biphytanyl chains contain-
ing between 0 and 4 cyclopentane rings (e.g., A  B,
Figure 2). Despite the potentially large number of
biphytanyl structures and combinations possible, only 9
GDGT structures of this type have been identified to
date [4]. The expression and abundance of these lipids
varies from species to species; the tetraether profiles of
methanogenic archaea are often of low diversity and
dominated by GDGT I, whereas thermophilic and hy-
perthermophilic archaea often exhibit a much greater
array of GDGT lipids [4, 8]. A novel pair of cyclopentyl
ring-containing lipids, crenarchaeol and its regioisomer,
have also been identified in cultures of crenarchaeota and
in lake and marine sediments (C  D, Figure 2) [9].
These both contain an additional cyclohexyl ring and
are believed to be biomarker compounds specific to the
phylum crenarchaeota.
A structural relative of Ia, often referred to as acyclic
caldarchaeol (II, Figure 1), is also abundant in the
cellular membranes of a significant proportion of the
archaea [4]. This core lipid shares the same stereochem-
istry as Ia in both glycerol units and contains the same
C40-biphytanyl linkage between the glycerol units. The
second biphytanyl is replaced by two C20-phytanyl
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52 KNAPPY ET AL. J Am Soc Mass Spectrom 2009, 20, 51–59chains, giving rise to a glycerol trialkyl glycerol tet-
raether (GTGT) structure. GTGT II is the only GTGT
lipid to have been fully characterized from cultures of
archaea profiled to date. Notably, however, a GTGT
lipid suggested to contain one cyclopentane ring within
the C40-biphytanyl chain has been observed in sediment
from a mud volcano [10]. In addition, a series of four
GTGT lipids, potentially containing cyclopentane rings
within their structures, have been identified in a ther-
mophilic crenarchaeote grown under suboptimal con-
ditions [11]. Although full elucidation of the structures
of these lipids is needed, their presence in cultures and
environmental samples suggests that GTGT diversity
may extend beyond II and match that observed for
GDGT lipids.
A third type of core tetraether lipid that is structur-
ally similar to GDGT Ia has been identified in several
species of thermophilic and hyperthermophilic meth-
anogens [12]. It consists of a C80-dibiphytanyl hydro-
carbon (formed via a covalent linkage between the
two C40-biphytanyl chains observed in Ia) capped at
both ends with sn-2,3 glycerol moieties. The position
and nature of the covalent bond linking the two C40-
biphytanyl units is a matter of debate, with evidence for
both a C-14= methylene to C-15 methyl link [13] and a
C-15= methyl to C-15 methyl link [14] having been
Figure 1. The three classes of tetraether core fo
the protonated molecule indicated in each case;
caldarchaeol, III  H-shaped caldarchaeol (stru
vary from Structure Ia.
Figure 2. Examples of cyclopentyl ring-contai
chaeol; (D) crenarchaeol regioisomer.reported. Regardless of the precise position of the
covalent tether, this lipid has been referred to as H-
shaped caldarchaeol (III, Figure 1) on account of the
distinctive shape of the hydrocarbon core and its struc-
tural similarity to Ia. A series of H-shaped GDGT
(HGDGT) lipids containing 0-4 cyclopentyl rings in
positions analogous to those observed in GDGT lipids
have been identified in the first cultivated thermoaci-
dophilic euryarchaeote that inhabits deep-sea hydrother-
mal vents [15]. Structurally related C80-dibiphytanyl
tetra-acids containing four to eight cyclopentyl rings
within the biphytanyl chains have also been observed in
naphthenate deposits in crude oil processing equipment
[16]. Most likely, tetra-acids of this type are of archaeal
origin, suggesting that HGDGT structural variation
within the archaeal domain may mimic that of GDGT
lipids.
Classically, tetraether lipids from archaeal cultures
were identified using two-dimensional thin-layer chro-
matography (TLC), via comparison of retention factors
with those of standards, and quantified by densiometric
analysis of stained TLC plates [17]. This method has the
advantage of giving a full profile of an archaeal lipi-
dome, including identification of phosphatidyl- and
glycosyl-capped lipids, but is severely limited by the
range of standards that are available for the purposes of
n archaea to date, with the nominal m/z value of
caldarchaeol, Ib  isocaldarchaeol, II  acyclic
from [13]). Dashed boxes enclose regions that
GDGTs. (A) GDGT-1; (B) GDGT-3; (C) crenar-und i
Ia 
cturening
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without subsequent instrumental analysis). In addition,
the accuracy of quantification of lipids by densiometric
analysis is low by comparison with that possible by use
of modern instrumental techniques. As such, methano-
lytic cleavage of phospho- and glyco-headgroups fol-
lowed by degradative analysis has often been employed
in order for structural characterizations to be made. In
particular, treatment of the methanolysis products with
HI-LiAlH4 yields the constituent biphytanyl hydrocar-
bons of tetraether lipids, which can be identified via gas
chromatography-mass spectrometry (GC-MS) [18]. By
comparing the mass spectral fragmentation of struc-
tures formed in these experiments with those afforded
from reduction with deuterated reagents (i.e., LiAlD4
replacing LiAlH4), the position of any rings in the chain
can be localized and the full structures of the biphytanyl
chains determined [4].
Although these methods permit identification of the
structures of tetraether lipids with a high degree of
certainty, they are cumbersome and require several
stages of reaction and separation before instrumental
analysis. To circumvent the lengthy analysis times
involved, several methods have been developed to
analyze GDGT lipids directly from cell culture extracts,
the most widely used of these being that developed by
Hopmans et al. [10, 19]. The method utilizes atmosphe-
ric pressure chemical ionization liquid chromatography-
mass spectrometry (APCI LC-MS) to analyze GDGT/
GTGT lipids directly from both cellular and sediment
extracts. A significant advantage of this method is that
the distinct tetraether core lipid components of a par-
ticular sample can be separated from one another and
analyzed in an intact form (cf. GC-MS where informa-
tion about the particular combination of biphytanyl
chains is lost). Furthermore, the only preparative step
required before analysis is chromatographic isolation of
the polar lipid fraction on alumina which, coupled with
analysis times of less than 30 min for HPLC-MS, leads
to significantly greater throughput than can be obtained
with other methods. This procedure has been applied
extensively to the identification of GDGT core lipids in
archaeal culture samples [15], muds [10], and in marine
[19], lacustrine [20], and hot-spring sediments [21]. In
spite of these advances, studies of the lipids of new
archaeal species have, in general, neglected this method
in favor of the more established methods mentioned
above.
One limitation of the current LC-MS methodology
arises from use of only a single stage of mass spectro-
metric analysis to identify the tetraether lipids. Thus,
the lipids are assigned on the basis of their retention
times, the mass of the protonated molecule and observ-
able losses of 18 (H2O) and 74 (C3H6O2) in the mass
spectra. These losses both arise from the glycerol moi-
ety, a common biosynthetic precursor that is not exclu-
sive to tetraether lipids. Furthermore, the neutral frag-
ments lost do not include any of the core hydrocarbon
architecture, making it impossible to differentiate be-tween isobaric GDGT lipids that have different constit-
uent biphytanyl partners. Until the biosynthetic path-
ways for tetraether lipids are fully understood, the
potential for the discovery of new GDGT, GTGT, and
HGDGT lipids in archaeal species, particularly in novel
strains, is significant. Consequently, a rapid method
that is able to distinguish between the three core types
and to discriminate between isobaric tetraether lipids
present in culture samples would prove to be highly
beneficial.
Tandem mass spectrometry (MS/MS) has been em-
ployed extensively to provide enhanced structural in-
formation for [M  H] ions formed by “soft” ioniza-
tion sources such as APCI. By subjecting analytes to
collision induced dissociation (CID) and monitoring the
product ions formed, specific structural features of the
analyte can be determined. Here we discuss the use of
liquid chromatography-tandem mass spectrometry
(LC-MS/MS) on an ion trap instrument to obtain a
greater degree of structural information from tetraether
lipids in cultures and environmental samples. Although
ion trap mass spectrometry has previously been used to
identify the GDGT distributions in sediments from
continental Eurasia [22], the use of the tandem MS
capabilities of this type of spectrometer has not been
reported.
Experimental
Sample Preparation
Aerobically harvested frozen cells from a pure culture
of Methanobacter thermautotrophicus (previously known
asMethanobacterium thermoautotrophicum) [23], grown at
70 °C, were refluxed in methanolic HCl (4.8 M, 4 h) to
cleave phosphatidyl and glycosyl headgroups, before
liberated core tetraether lipids were partitioned into
dichloromethane (DCM). The organic extract was re-
duced in vacuo and taken to dryness by evaporation
under a stream of nitrogen before isolation of tetraether
lipids by flash column chromatography on an activated
alumina column (approximately 7  50 mm), dry-
packed in a Pasteur pipette and fully solvated with
hexane/DCM (9:1 vol/vol). The tetraether extract was
dissolved in a minimal amount of DCM, loaded onto
the column and washed with three bed volumes of
hexane/DCM (9:1 vol/vol) to remove apolar compo-
nents. Tetraether species were eluted with three bed
volumes of DCM/methanol (1:1 vol/vol). The solvent
was removed in vacuo and the sample was dissolved by
sonication for 5 min in hexane/propan-2-ol (99:1 vol/
vol) before instrumental analysis.
Instrumentation
The purified tetraether extract was analyzed using a
Finnigan (Thermo-Finnigan, San Jose, CA) system com-
prising a Thermo Separations AS3000 autosampler,
P4000 gradient pump, and a Finnigan MAT LCQ ion
54 KNAPPY ET AL. J Am Soc Mass Spectrom 2009, 20, 51–59trap mass spectrometer equipped with an APCI ioniza-
tion source. Separation was achieved using a previously
described literature method [10], which uses a binary
solvent system (A  hexane, B  propan-2-ol) operated
at a flow rate of 1 mL min1. A Waters Spherisorb
S5-NH2 column (4.6  250 mm, 5 m; Elstree, UK) was
eluted isocratically for 5 min with 99% A, 1% B, followed
by a linear gradient to 2% B in 56.25 min. The columnwas
backflushed with 90% A, 10% B for 10 min, and recondi-
tioned to the starting composition for 15 min before reuse.
The injection volume was fixed at 5 L.
Eluting species were monitored using the positive
ionization mode of the APCI source. The mass spectral
response was optimized via tuning on the [M  H]
peak for I (m/z 1302) during direct infusion of a portion
of the M. thermautotrophicus [MTH(H)] extract. I is the
dominant lipid in MTH(H) and, hence, the extract can
be used directly for instrument tuning, avoiding the
need for preparation of a pure tetraether standard. The
APCI parameters found to be optimal are as follows:
vaporizer temperature 450 °C, sheath gas (N2) pressure
19 (arb. units), auxiliary gas (N2) pressure 30 (arb.
units), capillary temperature 150 °C, capillary voltage
47.8 kV, corona discharge current 5 A, corona dis-
charge voltage 5 kV. Positive ion MS spectra were
obtained by scanning a narrow mass range from m/z
1280 to 1320. MS2 spectra were recorded using the data
dependent ion scan feature, in which the base peak of
an MS scan is selected for collision induced dissociation
(CID) in MS2. The dwell time was set at 100 ms and the
collision energy to 41%. The isolation width was set to
3 m/z, the minimum value found to be required to
enable tetraether lipids to be trapped. MS3 spectra were
Figure 3. (a) Reconstructed mass chromatogram
base peak chromatogram. Each chromatogram w
the base peak in question from the total MS dat
percentage of the total extract contributed by ea
1304 mass chromatogram corresponds to an iso
mass spectra for lipids I-III and V. Lipid IV gave agenerated using identical CID conditions following
isolation of the base peak ion from MS2.
MS and MS2 spectra are labeled with average m/z
values as measured on the ion trap over 12 LC-MS/MS
analyses. Owing to the large mass defect in tetraether
lipids and product ions generated from them during
CID, these values can be up to 1.1 m/z units larger than
the nominal m/z value for the ion in question. Previous
reports of the LC-MS analysis of tetraether lipids have
quoted the measured m/z values of the protonated
molecules to the nearest integral value [10, 19]. That
approach can, however, lead to ambiguities when ap-
plied to product ions observed in the MS2 spectra of the
lipids, particularly in cases where the product ion has
an m/z value that is median to two integral values.
Hence, discussion of tetraether dissociation during CID
is restricted to the nominal m/z values of the product
ions observed and the nominal masses of neutral mol-
ecules lost during their formation.
Results and Discussion
LC-MS
The MS base peak chromatogram of the extract of
MTH(H) contains four peaks, with retention times (tR)
of 7, 16, 23, and 35 min and having base peak ions at m/z
1316.0, 1303.9, 1302.0, and 1299.9, respectively. Recon-
structed mass chromatograms for the four distinct base
peak ions (Figure 3a) revealed an additional species
with [MH] atm/z 1316.0 (tR 22 min) that had been
concealed by partial coelution with a species with [M 
H] at m/z 1302.0 in the MS base peak chromatogram.
r the four base peak ions in the positive ion MS
nerated by selecting all ions within m/z  0.5 of
Insets show magnifications of small peaks. The
id is also shown. The peak at 23 min in the m/z
peak of GDGTs Ia and Ib. (b) Representatives fo
as ge
aset.
ch lip
topicmass spectrum identical to that of V.
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GDGT Ia, which has been observed previously by
LC-MS with a similar retention time. Likewise, an early
eluting peak with [M  H] at m/z 1303.9, correspond-
ing to the protonated molecule of GTGT II, has been
observed previously under similar conditions [10].
LC-MS detection of Ib has not been reported, but the
peak in the m/z 1302 mass chromatogram shows the
greatest asymmetry of all of the peaks identified (asym-
metry factor  2.9, calculated as the ratio of the peak
median to peak tail and peak median to peak front
distances) suggesting that Ib coelutes with Ia under the
chromatographic conditions employed. The component
with a protonated molecule at m/z 1299.9 exhibits a very
different retention time to that of an isobaric GDGT
containing one cyclopentane ring in its core structure
(Structure A in Figure 2, observed to elute 1 min later
than Ia in many LC-MS studies, including analyses
performed in our laboratory) [10]. HGDGT III has
previously been identified as a minor component in a
TLC analysis of the tetraether lipids in this archaeon
[13], and was observed to elute late in an LC-MS
analysis of the tetraether lipids of a thermoacidophile
[15]. Accordingly, the latest eluting component in the
base peak chromatogram is assigned as HGDGT III.
The two lipids observed to have protonated molecules
at m/z 1316.0 (IV, tR  7 min and V, tR  22 min) have
not, to the best of our knowledge, been identified
previously via LC-MS analysis.
Representative mass spectra for tetraether lipids I–V
(Figure 3b) show that these species all exhibit base peak
ions corresponding to the protonated molecules ([M 
H]) in MS analysis, a feature that has been observed
previously [10]. Consequently, it was possible to deter-
mine the relative abundances of the five tetraether
lipids in the extract by integration of peak areas in the
relevant reconstructed mass chromatogram. The lipid
extract is dominated by caldarchaeol isomers Ia and Ib,
which contributed 96% of the total tetraether compo-
nent. Lipid V contributes 3% of the total extract and
lipids II-IV contribute only minor amounts to the total
lipid mass (1% combined). The mass spectrum ob-
tained over the elution time of lipid III highlights the
presence of a coeluting species that has a protonated
molecule at m/z 1314.0. The isotopic profile of this
species matches that observed for lipids I-V, suggesting
a tetraether structure. As an MS2 spectrum could not be
generated for this compound under the operational
scan range chosen the likely structure of this species is
not discussed.
Tandem MS Analysis
Due to the close structural relation of lipids I–III, the
product ions generated in the ion trap from the CID of
the protonated molecules show distinct similarities,
albeit reflecting the 2 Da differences in the precursor
protonated molecules. Most notable is the presence of
three distinct spectral regions in the MS2 spectra oflipids I–III (Figure 4). Region 1 (m/z 	 1150) results
from loss of small neutral molecules (water and prope-
nal), Region 2 (m/z 900–1025) from loss of one phytanyl
group with accompanying loss of small neutral mole-
cules, and Region 3 (m/z 550–850) from loss of either
one biphytanyl group or two phytanyl groups together
with small neutral molecules. The ranges for the three
regions have been selected to encompass all product
ions likely to be generated from the known tetraether
lipids identified to date. The number of these regions in
which product ions are observed in the MS2 spectrum of
the tetraether lipid analyzed is indicative of the specific
structural core type exhibited by the lipid. The CID
spectra of lipids I–III are discussed individually and
summarized (Table 1).
MS2 of GDGT I
On account of the coelution of the isobaric GDGTs Ia
and Ib, both are indiscriminately trapped and subjected
to CID, unavoidably producing overlap of the product
ions from both species in the resultant MS2 spectrum
(Figure 4a). In this initial discussion of the dissociation
of protonated caldarchaeol, it is assumed that Ia and Ib
undergo identical dissociations and the two species are
discussed together as GDGT I in the interests of clarity.
The MS2 spectrum of I shows two distinct groups of
product ions, in Regions 1 and 3, respectively. The
former includes a number of product ions resulting
from small neutral losses from one of the terminal
glycerol moieties in I. As has been reported previously
for GDGT I [10], product ions at m/z 1283 (18; H2O)
and m/z 1227 (74; C3H6O2) result from loss from/of
this terminal functionality.
A number of product ions were observed to arise
from additional losses of one or two molecules of water
from both m/z 1283 and 1227. Interestingly, a product
ion at m/z 1245 was also observed and is tentatively
assigned as being formed via loss of propenal (C3H4O)
from one end of the protonated caldarchaeol molecule.
The existence of this product ion suggests that the ion at
m/z 1227 in the MS2 spectrum of Imay be formed in two
stages, with separate losses of water and propenal, as
opposed to being formed in one stage via the loss of a
C3H6O2 unit. Support for this assertion comes from the
presence of a product ion at m/z 1227 in the MS3
spectrum of I following isolation and CID of the m/z
1283 species formed in MS2. It is important to note that
although MS3 analysis proves useful in this case, we
found in general that the MS3 spectra were of signifi-
cantly lower signal strength than the MS2 spectra.
Furthermore, most of the MS3 spectra did not contain
product ions that were not also observed in MS2 and
consequently, routine MS3 analysis proved redundant
for characterization of tetraether cores.
Region 3 of the MS2 spectrum shows product ions
arising from loss of one of the two biphytanyl hydro-
carbon chains in I. The product ion at m/z 743 is formed
56 KNAPPY ET AL. J Am Soc Mass Spectrom 2009, 20, 51–59via loss of 1,31-biphytadiene from the protonated mol-
ecule of I, with double hydrogen transfer back to the
charge-retaining species. This product ion is of partic-
ular significance as it allows, for the first time, the
precise mass of the alkyl chains of an intact tetraether
lipid to be deduced. Further product ions in this region
also form as a result of loss of biphytadiene, but show
concomitant losses of 1-4 molecules of water and/or
Figure 4. MS2 spectra for lipids I-III of MTH(
where appropriate; (a) GDGT I, [M  H] at m
HGDGT III, [M  H] at m/z 1299.9.loss of propenal.MS2 of GTGT II
The MS2 spectrum of GTGT II (Figure 4b) shows
similarities to that of I. In this case, however, product
ions are observable in Regions 1, 2, and 3. Several ions
in Regions 1 and 2 correspond to fragment ions ob-
served in single-stage mass spectrometry of II [10].
Region 1 of the MS2 spectrum is dominated by a
sets show expansions of Region 3 of the spectra
02.0; (b) GTGT II, [M  H] at m/z 1303.9; (c)H). In
/z 13product ion at m/z 1285, corresponding to a species in
nal,
ed.
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protonated molecule of II. Region 2 of the spectrum
reveals product ions in which one of the two constituent
phytanyl chains of II has been lost during CID. The
peak at m/z 1023 represents a product ion formed by
loss of phytene (C20H40) with proton transfer to the
charge-retaining species. Other product ions in this
region have also lost phytene, but have suffered addi-
tional losses of propenal and/or 1 to 2 molecules of
water. Region 3 of the MS2 spectrum shows a series of
product ions in which the second phytanyl chain has
also been lost from II, again via elimination of C20H40
with proton transfer back to the charge-retaining spe-
cies. Loss of this second alkyl group generates product
ions that are structurally identical to those produced
when a biphytanyl chain is lost during CID of I and, as
such, this spectral region exhibits essentially the same
ions as are observed in the equivalent region of the MS2
spectrum of I. Notably, however, a second related series
of product ions at higher m/z (2 units) is also apparent
in this region. These ions are consistent with loss of a
Table 1. Product ions generated in each of the three distinct reg
tetraether lipids I–III
Mass loss (Da)a
Number of neu
[H2O, C3H4O
[M  H] 0 [0,0,0,0
Region 1 18 [1,0,0,0
36 [2,0,0,0
54 [3,0,0,0
56 [0,1,0,0
74 [1,1,0,0
92 [2,1,0,0
110 [3,1,0,0
128 [4,1,0,0
Region 2 280 [0,0,1,0
298 [1,0,1,0
316 [2,0,1,0
354 [1,1,1,0
372 [2,1,1,0
Region 3 558 [0,0,0,1
560 [0,0,2,0
576 [1,0,0,1
578 [1,0,2,0
594 [2,0,0,1
596 [2,0,2,0
612 [3,0,0,1
614 [3,0,2,0
632 [1,1,0,1
634 [1,1,2,0
650 [2,1,0,1
652 [2,1,2,0
668 [3,1,0,1
670 [3,1,2,0
686 [4,1,0,1
688 [4,1,2,0
a Mass loss from [M  H]. Values quoted are the nominal masses of
b Number of each of four types of neutral loss occurring; [water, prope
c Values quoted are the nominal m/z values for the product ion observmolecule of biphytadiene (cf. the mechanism of loss ofbiphytadiene from I), with or without additional loss of
propenal or water, though such losses would be ex-
pected to show a concomitant loss of a phytanyl group.
The precise mechanism for formation of this product
ion series is unclear, but could be explained by a
rearrangement in which a phytanyl group has been
transposed to elsewhere on the architecture before loss
of biphytadiene.
MS2 of HGDGT III
The MS2 spectrum of HGDGT III (Figure 4c) reveals
product ions that are formed via the same losses that
generated the product ions seen in the MS2 spectra of
tetraethers I and II. The overall degree of dissociation
for III is far less pronounced than for the other tet-
raethers, with product ions being present only in spec-
tral Region 1 on account of the covalent link between
the two hydrocarbon chains in this molecule. Provided
that this C–C bond remains intact during dissociation,
any product ion generated will maintain a C80 hydro-
of the MS2 spectra following CID of the [M  H] ions of
fragments lost
40, C40H78]
b
m/z of corresponding product ion
generated from [M  H] ofc
I II III
1301 1303 1299
1283 1285 1281
1265 1267 1263
1247 1245
1245 1243
1227 1225
1209 1207
1189
1171
1023
1005
987
949
931
743
743
725 727
725
707 709
707
689
689
,0,2,0] 669 671
669
651 653
651
633 635
633
615
615
eutral molecules lost.
phytene, 1,31-biphytadiene].ions
tral
, C20H
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]or[4
]
]
]
]
]
]
]
the ncarbon core, resulting in loss of small neutral molecules
58 KNAPPY ET AL. J Am Soc Mass Spectrom 2009, 20, 51–59only. This tethering of the biphytanyl chains, however,
allows more extensive loss of functionality from both
glycerol groups and consequently, product ion peaks
relating to loss of propenal and/or one to four mole-
cules of water are observed in Region 1 of the MS2
spectrum of III.
MS2 of Tetraether Lipids IV and V
From the full-MS base peak chromatogram of unknown
lipids IV and V it is evident that they both have
protonated molecules with nominal m/z 1315. The 14 Da
increase relative to GDGT I suggests that these lipids
might be higher homologues of I (i.e., C87H174O6 tet-
raether lipids), although the nature of this homologa-
tion, the position of the additional carbon and the core
lipid structural type, can not be ascertained from single-
stage mass spectral analysis.
The MS2 spectra generated from CID of the proton-
ated molecules of IV and V (Figure 5) only exhibit
product ions in Regions 1 and 3, suggesting that both
structures are GDGT lipids. The MS2 spectral Region 3,
relating to product ions in which an alkyl chain has
been lost, provides significant information about the
location of the additional carbon atom in IV and V.
GDGTs IV and V both show a product ion at m/z 757 in
their MS2 spectra, corresponding to loss of biphytadiene
(C40H78) from the protonated molecule. Notably, only
GDGT V exhibits a product ion at m/z 743 arising from
loss of C41H80, indicating that GDGT V is a structure
based on caldarchaeol in which one of the alkyl chains
has an additional carbon. Previous studies explor-
ing the biosynthetic pathways of the tetraethers in
MTH(H) revealed production of an unexpected
Figure 5. MS2 spectra of GDGT lipids having pr
characteristic product ions and dissociations re
boxes highlight the position of the additional car
The absence in this spectrum of a product ion a
The absence in this spectrum of a product ion at
a tentative structural assignment on the basis of
homocaldarchaeol, with a methyl group replacing aC87H174O6 GDGT lipid homologue of I, which was named
homocaldarchaeol [24]. Isotopic enrichment 13C NMR
studies determined that the additional carbon in this lipid
was amethyl group situated on the C-13 position of one of
the two biphytanyl chains of I (structure shown in Figure
5). As such, it is likely that GDGT V determined in these
studies corresponds to homocaldarchaeol.
The absence of a product ion at m/z 743 in the MS2
spectrum of GDGT IV is consistent with a structure in
which only C40H78 alkyl groups are present, indicating
that the additional carbon atom in this lipid must be
incorporated into one of the two capping glycerol
groups. The MS2 spectral Region 1, in which only
terminal functionality is lost from the protonated mol-
ecules of IV and V, supports both of these assertions.
Product ions atm/z 1297 and 1279, relating to loss of one
or two molecules of water are observed in the MS2
spectrum of V, wholly consistent with losses from the
glycerol functionality observed during CID of I. GDGT
IV, on the other hand, dissociates to give a product ion
at m/z 1297 relating to loss of one molecule of water, but
does not undergo a subsequent loss of a second mole-
cule of water. It does, however, generate a product ion
at m/z 1283, consistent with a loss of methanol. As such,
it is highly likely that GDGT IV represents a caldar-
chaeol molecule methyl etherified at the primary hy-
droxyl of one of its glycerol head groups. All other
product ions observed in the MS2 spectrum of IV are
consistent with this assignment. This species is likely to
have been generated as an artefact during the acidic
methanolysis of the MTH(H) culture material. Previ-
ous studies of the products of methanolysis of bacterio-
chlorophylls within our group have shown the methyl
etherification of a secondary hydroxyl, suggesting that
ated molecules at nominalm/z 1315, showing the
sible for the generation of these ions. Dashed
tom (Ia) in each case; (a) GDGT IV (tR 7 min).
743 is highlighted; (b) GDGT V (tR  22 min).
283 is highlighted. The structure of V shown is
evious report of a GDGT lipid homologue of I,oton
spon
bon a
t m/z
m/z 1
a prhydrogen at the C-13 position [24].
59J Am Soc Mass Spectrom 2009, 20, 51–59 APCI MSn OF ARCHAEAL TETRAETHER LIPID CORESthere is precedent for nucleophilic substitution of free
hydroxyl groups during acidic methanolysis [25]. To
test this assertion, an ethanolytic cleavage was used in
place of methanolysis and GDGT IV was no longer
observable in the MS base peak chromatogram of the
lipid extract. As such, clearly GDGT IV is generated
from I during the extraction of MTH(H) and does not
naturally occur in this archaeon.
Conclusions
Analysis of the lipid extract of a methanogenic ar-
chaeon, MTH(H), by APCI LC-MS/MS has revealed
the presence of three core lipid structural types; a GTGT
lipid, a HGDGT lipid, and three GDGT lipids. CID of
the protonated molecules of each of the three tetraether
types generated a series of product ions via losses of
water, propenal, and alkene groups, providing signifi-
cant enhancement in characterization potential com-
pared to analysis of tetraether lipids via single-stage
MS. The MS2 spectra of caldarchaeol (GDGT), acyclic
caldarchaeol (GTGT), and H-shaped caldarchaeol
(HGDGT) exhibit between one and three distinct spec-
tral regions relating to the number of alkyl groups that
can readily be lost. Thus, application of tandem mass
spectrometry readily distinguishes between the three
core types, and work is underway to verify that these
patterns are consistent in other tetraether lipids. Exam-
ination of the product ions in the MS2 spectra of the two
isobaric GDGT lipids with [M  H] at m/z 1315
provided significant information about their structures.
In particular, product ions formed by loss of one alkyl
chain reveal that one lipid is a naturally occurring
methylated homologue of caldarchaeol, in which the
extra carbon atom is located on one of the biphytanyl
chains, and the other is a methyl ether of caldarchaeol
formed during extraction. These structural assignments
highlight the potential of LC-MS/MS for differentiating
isobaric intact tetraether core lipids not only using
quadrupole ion trap spectrometry, but potentially on
other instrumentation with multistage mass spectral
capabilities, and suggest that the method may be useful
in the identification of novel tetraether lipids discov-
ered in the future.
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